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Abstract. In this paper we describe the results of three Nike-Cajun rocket flights made during
the November 12, 1960, solar proton event. By means of Geiger counter and scintillation counter
measurements the spectrum of protons has been extended downward in energy to 0.2 Mev.
A group of particles with energy betwéen 0.2 and 1 Mev has been found, and it is suggested that
this group may not be part of the flare-accelerated spectrum, but may be associated with the
plasma in the earth-sun region. The spectrum in the low-energy region above 1 Mev cannot be
represented by a simple extrapolation of the spectrum at higher energies as observed, for instance,

by means of balloons.

Introduction. This paper describes observa-
tions of solar protons made during November
1960 with equipment carried clear of the atmos-
phere in Nike-Cajun rockets from Fort Churchill,
Canada (geomagnetic coordinates 69°N, 338°).
The results presented here extend the spectrum
of a solar proton event to lower energies than
have been observed either by satellite measure-
ments [Lin, 1961] or by balloon measurements
(Winckler, 1960; Anderson and Enemark, 1960]
in which the particles observed must be able to
penetrate a few grams per square centimeter of
the atmosphere. The main features of polar-cap
absorption have been explained qualitatively,
assuming the incoming particles to be protons
with an energy spectrum of a simple form. It is
of considerable interest, therefore, to extend the
directly observed energy spectrum to these lower
energies where the particles are more sensitive
to the magnetic properties of the earth-sun
region. The present experiment was designed to
give the energy spectrum of solar protons with
energies between 200 kev and about 200 Meyv,
and to study their direction of incidence at the
top of the atmosphere. In this paper, results
obtained during the November 12 event are
described. Results obtained with similar equip-
ment during the September 3 event have been
reported previously [Dawis, Fichtel, Guss, and
Ogilvie, 1961], but due to equipment difficulties
at the time, the September 3 measurements did
not cover the extended energy range of those
reported here.

Apparatus. To record protons over a wide

energy range, and to provide redundancy in the
measurements, three different detectors were
used on each flight. Figure 1 shows the location
in the rocket of these detectors. An Anton 302
Geiger counter mounted parallel to the axis of
the rocket was used to obtain particle intensity
in the energy region 22 Mev to 70 Mev. This
energy region was scanned by the Geiger counter
as the motion of the rocket placed varying
amounts of absorber between it and the incoming
particles. The atmospheric absorption of protons
observed during the ascent of the rocket was
used to extend the information to higher energies.
Although the acceptance angle of the Geiger
counter for 22 Mev protons, the lowest-energy
protons counted, was 2x steradians, it was
possible to obtain some information about the
angular distribution of these particles from the
study of the rate as a function of rocket motion.
A Csl crystal, 0.25 g/cm? thick, behind a 7
mg/cm? Al window was used for the region
2 Mev to 160 Mev, and a ZnS powder phosphor
behind a 0.3 mg/cm? Ni window was used for
the region 200 kev to 2 Mev. The axis of both
the CsI and ZnS scintillation detectors made an
angle of 45° to the axis of the rocket and the
acceptance angle for particles entering through
the windows of these detectors was 15°. The
results are corrected for particles entering
through the body of the rocket.

The scintillation detectors examined the energy
spectrum in more detail than the Geiger counter;
the counting rate of these detectors above six
pulse height levels was obtained by using an
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Fig. 1. Diagram showing the arrangement of

detectors in the rocket.

amplifier with a fixed discrimination level and a
variable resistance-capacitance anode load for
the photomultiplier, changed cyclically by a
motor-driven switch. In order to cover a wide
range of intensity values, the pulses from all
detectors were fed to rate circuits, where they
were superimposed on a d-c level logarithmically
related to the rate. This level was used to give
the rate when the pulses were too frequent to
distinguish on the telemetry record. This arrange-
ment is shown schematically in Figure 2.

The curve in Figure 3 shows the pulse height
given by the phototube when protons of various
energies are incident on the crystal of the Csl
counter. Typical values of the output discrimina-~
tion levels, which varied to some extent from one
detector to another, are shown by the broken
lines in Figure 3. We see that, typically, protons
with energies between 2 Mev and 160 Mev are
recorded on level 5, those between 4 Mev and
40 Mev on level 4, and between 5 Mev and 16
Mev on level 3, whereas only protons entering
the crystal obliquely and particles with higher
charge are recorded on level 1. We see also that
the energy intervals of the steps are overlapping.
The response curve for the ZnS phosphor is
similar with generally lower proton energies; the
energy intervals are given in Table 1.

During the flight, which carried the apparatus
above 90 km for approximately 200 sec, the
information from the particle detectors and from
a magnetometer used to find the direction of the
rocket axis was telemetered to a ground station.
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The results of an experiment using a nuclear
emulsion carried in the nose of the same rocket
will be reported in detail in a paper to be pub-
lished elsewhere by Fichtel, but some of the
results are presented here for comparison. It
must be emphasized that these emulsion observa-
tionr are completely independent of the counter
obsesvations.

Method of analysis. The section of the rocket
containing the instruments was detached near
the peak of the trajectory and its motion was,
in general, a precession about a fixed direction
in space and a spin about its axis. This motion
caused the direction of maximum sensitivity of
the detectors to vary over a wide range, so
reconstruction of the motion using the mag-
netometer record allowed the generation of the
magnetic zenith angle dependence of the detector
rates. As the motion of the rocket was not
controlled, the range of zenith angles was not
complete for every flight.

During the ascent of the rocket, the Geiger
counter rate was high enough on most flights at
about 5 g/em? residual atmospheric pressure for
an intensity to be determined for those particles
able to penetrate to this depth in the atmosphere.
To define an intensity and an energy to which
to assign it, allowance had to be made for
particles reaching the Geiger counter through
various thicknesses of atmosphere and rocket
wall material. The observed atmospheric attenua-
tion was used as a guide to the spectrum, and
the incident particles were assumed isotropic
above the atmosphere at this stage of the
analysis.

For a suitable motion outside the atmosphere
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Fig. 2. Block diagram of scintillation counter.
The electrometer measures the total current through
the phototube.
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Fig. 3. Energy levels of steps superimposed
upon a curve giving the energy loss of protons in
the crystal.

the rates observed with the window of the
Geiger counter facing up and down gave two
additional integral intensity values. The angular
dependence of the incident particles found from
the scintillation counter data was used in this
analysis, but the variation of the Geiger counter
rate with magnetic zenith angle is itself con-
gistent with isotropy of the incident particles.
For flights where the angle of precession of the
instrument section was small, only one additional
point could be found. The Geiger counter
observations have been corrected for particles
that are mirrored below the apparatus, and that
strike the counters from below.

The fact that the energy intervals defined by
the steps used in the CsI scintillation counter
pulse height analysis overlap, makes it appro-
priate to compare the observed rates with those
predicted using various trial spectra. Assuming
a spectrum N (> E) = A/E~ E being the proton
kinetic energy, the values of the ratios of counting
rates for each step to that for step 5 were cal-
culated as a function of n. The value of » most
consistent with all three observed ratios was
then found; this procedure allowed calibration
and statistical errors to be incorporated into the
result. Allowance was again made for the effect
of particles entering the crystal after passing
through various thicknesses of rocket wall
material, and at various angles. A comparison of
calculated and observed ratios for rocket 1024
is shown in Figure 4, indicating that a con-
sistent value of n can be found within the
accuracy of the experiment. When the results
were inconsistent with a simple power law
spectrum, that is, if all three ratios could not be

TABLE 1
Min Energy, Max Energy,
Step Mev Mev
2 0.2 4.7
3 0.33 2.1
4 0.45 1.6
5 0.8 1.3

The lowest discrimination levels in both scintil-
lation counters were set at about twice the maxi-
mum energy loss for direct passage of an electron
through the phosphor. Single electrons are never
counted on the lowest step for the ZnS counter, and
electron contamination on the lowest step of the
Csl counter is at most a few per cent.

reconciled with one value of n, a different trial
spectrum was used. It can be seen, for example
for 1016, that from the calculated ratios in
Figure 5, no value of n would explain nearly
equal rates on steps 4 and 5. By inspecting
Figure 3 we see qualitatively what form of
spectrum is then indicated; there must be few
particles between 16 Mev and 160 Mev, and
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Fig. 4. Comparison of calculated and observed
count rate ratios for different channels of the Csl
detector of rocket 1024, assuming a power law
spectrum with no cutoff above 1.8 Mev.
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also few particles between 2 Mev and 5 Mev.
A rather steep power law spectrum with a low-
energy cutoff is therefore indicated and the
values of n and the cutoff energy consistent with
the three observed ratios may be found (see
Fig. 6).

We thus obtain for the energy range covered
by the Csl counter, 1.8 to 160 Mev, the best
straight line approximation to the spectrum.
When the slope of this line is known, the in-
tensity at the lowest emergy measured, either
1.8 Mev or the value of cutoff found, can be
evaluated. This is illustrated by the spectra
shown in Figure 9. We do not wish to imply
that the spectrum has the form of a power law,
but the way this spectrum intersects the points
derived from the Geiger counter and emulsion
measurements shows it to be a good approxi-
mation. A more complicated form of spectrum
could readily be tested for consistency with our
results in a similar way. Analysis of ZnS scintil-
lation counter results was along the same lines
using the ratios of rates on the steps. Here
because of the steep spectrum it was not neces-
sary to consider the effects of radiation that had
not passed through the normal solid angle and
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Fig. 5. Comparison of calculated and observed

ratios for rocket 1016, assuming a power law
spectrum with no cutoff above 1.8 Mev.
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Fig. 6. Comparison of calculated and observed
ratios for rocket 1016, assuming a power law
spectrum with 5 Mev cutoff.

window of the counter. It was not possible to
fit the observed ratios to a simple power law
spectrum, however, and the ratio between the
rates on the two lowest steps has been used to
determine the slope shown between 0.2 and 0.35
Mev in the diagrams of the spectra. The ratios
between rates on the other steps are consistent
with the flat region between 0.35 and 1.4 Mev.
In order to be more certain of the nature of the
radiation to which the two scintillation counters
were responding, absorption curves, to be dis-
cussed below, were drawn for the time when the
apparatus was passing through the atmosphere.

The errors shown on the figures are computed
by taking into account statistical errors for the
points themselves, and also, in the case of these
points derived from the ZnS scintillator, the
errors in the intensity value at the higher end
of the energy interval that is added to give the
integral spectrum.

Results. Table 2 gives details of the rocket
shots during the first November event.

TABLE 2

Absorp-
tion Emul-

Firing at Ft. sion
Time, Time from Church- Re-
Rocket UT Flare ill, db covery

1024 1840 Nov. 12 5hr27 min 12.6 yes
1015 2332 Nov.12 10hr19min 4.6 no
1016 1603 Nov. 13 26 hr 50 min  14.9  yes
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Fig. 7. Angular dependence of protons detected

by the Csl scintillation counter.

In order to understand these results, we must
first discuss briefly the nature of the very com-
plicated November 12 solar proton event
[Ocrtner, Egeland, and Huliquist, 1961; Steljes,
Carmichael, and McCracken, 1961; Roederer,
Manzano, Santocki, Nerurkar, Troncoso, Palmeira,
and Schwachheim, 1961). The solar region 5925
was close to the central meridian of the sun, and
it was in this region that the flare observed for
the first time at 1323 UT on the 12th occurred.
On the previous day no flare of this importance
was observed, but an SID of importance 3+
lasting for 414 hours started at 0316 UT. An
sc magnetic storm, which is attributed to the
flare of November 11, started at 1348 UT on
November 12. Thus the magnetic storm-pro-
ducing particles from this flare had a transit
time of 34 hours to the earth. Riometer observa-
tions at Fort Churchill show that the absorption
started to increase there at 1345 UT, indicating
the arrival of solar protons. The cosmic ray
increase observed by neutron monitors started
at 1345 UT and had a relatively slow rise. These
facts are illustrated in Figure 10,

After the initial rise in the neutron monitor
rate, it appeared to remain approximately con-
stant for a period of 180 minutes, between 1600
UT and 1900 UT. Toward the end of this time
rocket 1024 was fired. The neutron monitor then
increased at a much more rapid rate, reached a
peak about 2000 UT, and then decreased again.
Rocket 1015 was fired into the decrease, and
1016 at a later time when the monitor rate was
almost normal and a smooth decrease had set in.
These three rockets comprise the observations
we have of the November 12 event.

A tentative interpretation of this event has
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been proposed by Steljes, Carmichael, and
McCracken [1961] and will be summarized here
because we shall later wish to see how our data
fit into this picture.

A Forbush decrease began at 1930 UT on
November 12 and, starting at 1900 UT, geo-
magnetic fluctuations occurred. This is inter-
preted by assuming that a gas cloud with frozen-
in magnetic fields enveloped the earth at a time
between 1900 and 1930 UT. Prior to this envelop-
ment, the earth was therefore separated by a
magnetic barrier from a field region connecting
to the surface of the sun. To reach the earth at
this time solar protons had to leak across the
barrier, presumably by diffusion. This was the
situation at the time of firing of rocket 1024,
and the rate of rise of the high-energy particles
detected by the neutron monitor, the absence of
impact zones, etc., support this diffusion idea.
The comparatively flat neutron monitor rate
curve at the time of firing of 1024 is evidence
that a stable situation existed for the particles
detected by the neutron monitor and probably
also existed for the solar protons. Within the
magnetic region the intensity of galactic cosmic
rays was reduced, but that of solar particles
increased. Rockets 1015 and 1016 sample,
according to this interpretation, the intensity
of particles inside the trapping region at two
times after the time of maximum flux at high
energies. It must be pointed out that the thresh-
old rigidities must undergo large changes during
such an event. At Fort Churchill, the threshold
energy is in any case less than 10 Mev, so we shall
have to consider magnetic field changes in con-
nection with measurements at less than 10 Mev
energy.
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Fig. 8. Angular dependence of protons detected
by the ZnS scintillation counter.
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Fig. 9. Spectra of protons from the three rocket flights.

In Figure 7 we show the magnetic zenith
angular distribution found for flights 1024 and
1016 for the Csl scintillation counter (step 5
sensitive from 1.8 Mev to 160 Mev). This shows
the assumption of isotropy to be well fulfilled
in the upper hemisphere, for angles between 25°
and about 90°. The fall-off in the lower hemsi-
sphere is not sharp, owing to the 4-15° opening
angle of the detector. The flux at angles greater
than about 110° is due to particles scattering
below the apparatus, and also those being
mirrored by the magnetic field and returning
from below. The angular distribution for step
2 of the ZnS scintillator, shown in Figure 8,
shows more variation. Isotropy just above the
atmosphere does not of course mean isotropy in
space away from the earth’s magnetic field.

The integral proton energy spectra found by
analysis of the first three flight records are shown
in Figure 9. The shape of the spectra are generally
similar, with a gradual lessening of slope in the
region down to a few Mev, and an increase in
flux at even lower energies.

In the diagram of the spectra, the point marked
‘Explorer VII’ indicates the flux values given by
Lin [1961], divided by 4, obtained from the
Explorer VII results. The satellite was at an
altitude of 877 km, 44° latitude, and 300° longi-
tude at the time of firing of rocket 1015; the
magnetic field line passing through this point
crosses the equator at about three earth radii.

The point marked ‘Winckler’ on Figure 9
is derived from the observations made by
Winckler’s group at Fort Churchill during the
event.

Balloon observations have previously indi-
cated spectra with exponents in the range 4-5,
above about 100 Mev [Winckler, 1960]. It is now
clear that extrapolation of the balloon spectra
to low energies is not a satisfactory procedure.
The intensity found by balloon measurements
at the time of rocket 1015 do agree, however,
with our measurements at the corresponding
energy.

As we stated earlier, when discussing the
method of analysis used for the Csl scintillation
counter results, these observations for rocket
1016 require the assumption that no particles
are present between 1.8 Mev and 4.5 Mev.
This indicates the existence of a cutoff, which
also appears in the results of 1024 and 1015 as a
short flat portion in the integral spectrum
between about 0.35 Mev and 1.8 Mev. Rocket
1024 was fired 1 hour and 31 minutes after the
start of the main phase of a geomagnetic storm,
which was still going on [Steljes, Carmichael, and
McCracken, 1961] when 1015 was fired. It is
thus possible that these cutoffs represent the
magnetic thresholds at Fort Churchill at the
time of firing of the rockets. Magnetometer
X-component records for Kiruna ([Oeriner,
Egeland, and Hultquist, 1961] show a considerably
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reduced field at the times of firing of 1024 and
1015, but attempts to correlate the value of
cutoff with readings from Canadian magne-
tometers [Niblett, 1961] have not been successful.
The Quenby and Webber threshold calculated
for Fort Churchill is 5.8 Mev, but large uncer-
tainties are expected in this region. An external
ring current, such as is thought to exist during a
magnetic storm, can reduce the thresholds to
zero at these latitudes (Webber, to be pub-
lished).

We must now consider the rising portion of
the spectrum below 0.4 Mev. Auroral absorption
was not shown on the Churchill riometer at the
time of any of the shots, but at the firing times
of 1024 and 1016 the instrument was almost off
scale and not very sensitive. Proton intensities
of similar order of magnitude and spectrum have
been observed in and near auroras by Dawis,
Berg, and Meredith [1960); Mcllwain [1960];
and recently by McDiarmid [1962].

In order to be certain that the ZnS counter
responds to protons in the apparent energy
range, we examined the absorption curves for
the period when the rocket was passing through
the atmosphere. These show that the ZnS counter
rate began to rise at about the correct time,
and that the Csl and ZnS counter rates bear the
correct relationship to one another until late in
the ascent when the low-energy particles could
get into the ZnS counter.

We define AJ as the difference between the
intensity recorded on step 2 of the ZnS counter
and step 5 of the Csl counter; that is, the
additional intensity at low energies.

In Figure 10 we show the Deep River neutron
monitor rate [Steljes, Carmichael, and McCracken,
1961], the Fort Churchill riometer absorption,
the intensity at three energies, and AJ plotted
against time.

If we assume a day to night ratio of 3 :1
[Retd, 1961}, the riometer absorption and the
intensity of particles with energy greater than
10 Mev (extrapolated from 22 Mev) correlate
well. Comparison of the intensities at the three
energies shows the rapid steepening of the
spectrum toward high energies that has been
previously noted by many observers. The figure
also shows that the riometer absorption is
predominantly produced by particles in the range
between 10 and 100 Mev.

Table 3 shows that AJ underwent a large
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Fig. 10. The variation of intensity 30 Mec/s
riometer absorption at Fort Churchill and neutron
monitor counting rate during November 12, 13,
and 14, 1960. Also shown are the intensities above
10 Mev, 100 Mev, and 300 Mev and AJ as defined
in the text.

increase between the times of rockets 1024 and
1015, during the time when the earth was
supposed to be entering the trapping region, and
a considerable decrease again by the time of
firing of 1016. Thus the entry of the earth into
the magnetic cloud produced a much larger
increase in the intensity of these particles than
in the higher-energy particles.

This experiment cannot clearly determine
whether the additional very low energy particles
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TABLE 3
Time from
Rocket AJ Jiw* AJ/Jw Flare
Nov. 12,

1960 .
1024 6 X 100 2 X 103 30 5 hr 27 min
1015 24 X 10 5 X 10% 48 10 hr 19 min
1016 14 X 10* 104 14 26 hr 50 min

Sep. 3.
1960 =700 =46 =14 17 hr

* J1p = intensity of particles with energy greater
than 10 Mev.

represent a simple extension of the spectrum of
particles from the sun, in which case the cutoffs
observed do not correspond to threshold rigidities,
or whether they are a separate phenomenon.
If they are, this suggests that we are observing
the high energy tail of the distribution of protons
responsible for the magnetic disturbances, and
that these are not excluded by the threshold.
The rocket observations cited [Davis, Berg, and
Meredith, 1960; Mcllwain, 1960; McDiarmid,
1962] strongly suggest that these protons are
present in some quantity for a high proportion
of the time at Fort Churchill.

Magnetic field lines cutting the earth at Fort
Churchill cross the equator at a distance of ~8
earth radii in quiet conditions. Moving under
the influence of the disordered magnetic field of
the plasma cloud, these low-energy particles may
be able to transfer to the field lines. The flat
portion of the spectrum observed here would
then represent the change-over between motion
in Stoermer orbits and injection directly into
the field by plasma, and leaves open the question
of the spectrum below 10 Mev outside the field.
Supporting the idea that the additional low-
energy particles are associated with the mag-
netic storm is the fact that, at 0.2 Mev, the
rectilinear travel time from the sun is 7 hours,
so that such particles emitted by the flare could
not have been observed by rocket 1024. By the
time of rocket 1015, when a very large intensity
of such particles was observed, the particle path
length would have to have exceeded the direct
path length by less than 50 per cent. This is an
interesting contrast to the bebavior of the
intensity at 10 Mev, which was still rising at
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26 hours after the flare, more than twenty times
greater than the time for rectilinear passage
from the sun.

Again, due to the complicated nature of the
event, we cannot exclude the possibility that the
lowest energy particles were produced by the
flare, probably of importance 3+ and accompanied
by an SID of duration 414 hours and type IV
radio emission, which occurred at 0316 UT on
November 11, This flare did not produce a
neutron monitor increase or an effect on the
riometer.

The rocket NASA 1020, shot at 1730 UT on
September 3, 1960, recorded particles in this
low-energy range. There was a magnetic cloud
close to the earth at the time, but the sc and
Forbush decrease did not occur until 0230 UT
on the 4th [Winckler, 1961). This suggests a
different interpretation of the spectral slope to
be discussed below.

In the passage of a beam carrying trapped
high-energy particles from the sun to the earth,
an adiabatic deceleration must occur. Sklovsky
[1960], applying this idea to an expanding
supernova, obtains an expression for the energy
change AE per collision, for a particle of velocity
v, colliding with magnetic scattering centers
moving with velocity » in an envelope expanding

with velocity V
2
Mcg[u—z _ avzl V:l
[ cr

In this result ! is the distance apart of the
scattering centers, a is a constant of order unity,
and r the radius of the region of expansion,
which is assumed spherical.

It can be seen that for particles of low velocity
(v < u, V) an acceleration is predicted. This is
because these particles are mainly in contact
with the randomly moving scattering centers,
not the advancing barrier. This acceleration may
not operate below a certain injection energy, so
that particles below this energy in the original
spectrum will not be removed. Also there is still
the fact that our observations with rocket 1024
show such particles before they could have
arrived from the sun.

It would be interesting to compute whether
the change in slope of the spectra at energies of
the order of 50 Mev, and the flat portion at
about 4 Mev, could be accounted for by such a

AE =
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mechanism and independently of a magnetic
threshold.

Conclusions. 1. The spectrum of protons at
all times has a generally similar form and cannot
be adequately represented at low energies near
the earth by an extrapolation of the power law
appropriate at balloon altitudes. The spectra
observed here are not necessarily appropriate at
large distances from the earth.

2. The particles are isotropic in the upper
hemisphere just above the atmosphere.

3. The observed low-energy particles are either
the high-energy part of the magnetic storm
distribution or, less likely, are the results of the
modification of the initial spectrum by the
expansion of the solar plasma cloud in which
the trapping occurs, or a combination of both.
The most reasonable interpretation is that the
observed cutoffs represent the magnetic thresh-
olds at the time, that the low-energy particles
enter the field by another mechanism, and that
the shape of the spectrum above the cutoff is
influenced by the expansion of the trapping
region.
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